Byr4 and Cdc16 form a two-component GTPase-activating protein for the Spg1 GTPase that controls septation in fission yeast  by Furge, Kyle A. et al.
Byr4 and Cdc16 form a two-component GTPase-activating protein
for the Spg1 GTPase that controls septation in fission yeast
Kyle A. Furge*, Kelvin Wong†, John Armstrong‡, Mohan Balasubramanian†
and Charles F. Albright*
Background: Spatial and temporal control of cytokinesis ensures the accurate
transmission of genetic material and the correct development of multicellular
organisms. An excellent model system in which to study cytokinesis is
Schizosaccharomyces pombe because there are similarities between
cytokinesis in S. pombe and mammals and because genes involved in S.
pombe cytokinesis have been characterized. In particular, formation of the
septum is positively regulated by the Spg1 GTPase and its effector, the Cdc7
kinase. Septation is negatively regulated by Cdc16, a protein similar to
GTPase-activating proteins (GAPs) for Ypt GTPases, and by Byr4, a protein of
unknown biochemical function. This study investigates the relationship between
Byr4, Cdc16, and Spg1.
Results: Genetic interactions were observed between byr4, cdc16, and spg1
mutants. Byr4 bound to Cdc16 and Spg1 in yeast two-hybrid assays and in
coprecipitations in vitro and in yeast. Byr4 inhibited the dissociation and
hydrolysis of GTP bound to Spg1, but when Byr4 and Cdc16 were combined
together they displayed Spg1GAP activity in vitro; Cdc16 alone had no
detectable GAP activity. The binding of Byr4 to Spg1 and the Byr4–Cdc16
Spg1GAP activity were specific because Byr4 and Cdc16 did not bind to or
affect the GTPase activities of the seven known S. pombe Ypt family GTPases.
Conclusions: Byr4 and Cdc16 form a two-component GAP for the Spg1
GTPase. Byr4 and Cdc16 appear to negatively regulate septation in S. pombe
by modulating the nucleotide state of Spg1 possibly in a spatially or temporally
controlled manner.
Background
In many eukaryotes, cell division results from the constric-
tion of an actomyosin ring that is perpendicular to the
mitotic spindle in anaphase. The presumed signaling
pathway that triggers constriction of the actomyosin ring is
poorly understood. We are using the fission yeast
Schizosaccharomyces pombe as a model to understand this
signaling process, in part because S. pombe divides by
medial fission like mammals. In fission yeast, an F-actin
ring forms at the site of division in early mitosis. In late
mitosis, this ring constricts and a septum is deposited.
Characterization of fission yeast mutants that affect
cytokinesis suggests they represent at least three cate-
gories: first, division site selection mutants; second, acto-
myosin ring assembly mutants; and third, actomyosin ring
constriction and septation mutants (reviewed in [1]). 
Mutations in cdc7, spg1, cdc16, and byr4 perturb actomyosin
ring constriction and septation. The cdc7– and spg1–
mutants fail to undergo cytokinesis and septation, leading
to the formation of elongated, multinucleate cells [2,3].
The cdc16– and byr4– mutants undergo repeated rounds of
septation [4,5]. These phenotypes suggest that Cdc7 and
Spg1 are positive regulators of septation whereas Cdc16
and Byr4 are negative regulators of septation. Consistent
with this notion, overexpression of Spg1 and Cdc7 causes
cells to arrest with multiple septa [2,3] whereas Byr4 over-
expression results in the formation of multinucleate cells
that lack septa [5].
Spg1 is a GTPase of the Ras superfamily [2,6] and Cdc7 is
a protein kinase [3]. Spg1 in the GTP-bound state binds
Cdc7 and is required for Cdc7 translocation to the spindle
pole in early mitosis [6]. Cdc7 disappears from one spindle
pole in mid-mitosis and from the second spindle pole in
late mitosis. In cells arrested due to the cdc16-116 muta-
tion, Cdc7 is found at both spindle poles suggesting that
Cdc16 is required for the normal regulation of Cdc7 local-
ization. Cdc16 is similar to GTPase-activating proteins
(GAPs) for Ypt GTPases [2,7] and Byr4 is a protein with
no known biochemical function [5].
This study investigates the relationship between Byr4,
Cdc16, and Spg1. We found genetic interactions between
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spg1, cdc16, and byr4 mutants and yeast two-hybrid interac-
tions between Byr4 and Spg1 or Cdc16. Similar results
have been found by others [8]. We also found that Byr4
bound to Cdc16 and Spg1 both in vitro and in vivo, that
Byr4 binding to Spg1 inhibited GTP dissociation and
hydrolysis, and that Byr4 and Cdc16 formed a two-comp-
onent GAP for the Spg1 GTPase. 
Results
The byr4, cdc16, and spg1 mutants interact
To examine genetic interactions between byr4 and other
regulators of septation and cytokinesis in S. pombe, a strain
was constructed that overexpressed Byr4 under control of
the nmt1 promoter [9]. These cells grew normally when
the nmt1 promoter was repressed by thiamine in the
medium, but failed to form colonies when the promoter
was induced (Figure 1a). Cells induced for Byr4 expres-
sion were elongated, multinucleate, and lacked septa (data
not shown) as previously reported [5]. Combining the
inducible byr4 allele with the temperature-sensitive
cdc16-116 allele allowed normal colony formation with thi-
amine in the medium at 35°C, the restrictive temperature
for cdc16-116 (Figure 1a). This suggested that the leaky
basal transcription of byr4 from the nmt1 promoter pro-
duced levels of Byr4 sufficient to suppress the tempera-
ture-sensitive growth of cdc16-116 mutants. Growth was,
however, inhibited in these cells when Byr4 was fully
induced (Figure 1a). These cells were indistinguishable
from wild-type cells that overexpressed Byr4 (data not
shown). Although Byr4 overexpression suppressed
cdc16-116 mutants, neither low nor high Byr4 overexpres-
sion suppressed a cdc16 null allele (data not shown), sug-
gesting that Byr4 was not acting as a bypass suppressor of
cdc16-116 and was potentially suppressing cdc16-116 by
binding to the Cdc16-116 mutant protein.
Growth arrest with repeated septation is induced by over-
expressing the Spg1 GTPase [2]. To explore genetic inter-
actions between byr4 and spg1, Spg1 was expressed under
control of the nmt1 promoter in cells that contained the
inducible byr4 allele. When thiamine was removed from
the medium, these cells grew normally (Figure 1b),
showing that Spg1 suppressed Byr4 overexpression
defects. Western analysis showed that both Spg1 and Byr4
were overexpressed in these cells and that Byr4 expres-
sion levels were not lower than in the cells expressing
Byr4 alone (data not shown). Previous studies showed
similar genetic interactions between Byr4 overexpression,
Spg1 overexpression, and the cdc16-116 mutation [8].
Other studies showed that the temperature-sensitive
growth defect of cdc16-116 mutants was partially sup-
pressed by spg1-B1, a temperature-sensitive allele of spg1
that caused elongated, multinucleate cells [2]. Taken
together, these findings are consistent with Cdc16 func-
tioning upstream or at the same level as Byr4 to prevent
Spg1 GTPase activation.
Byr4 binds Cdc16 and Spg1 in vitro and in vivo
To test for physical interactions between Byr4, Cdc16,
and Spg1, two-hybrid experiments were conducted.
Fusion proteins between Byr4, Cdc16, or Spg1 and the
Gal4 DNA-binding domain or Gal4 transactivation domain
were expressed in Saccharomyces cerevisiae strain Y190 and
β-galactosidase activity was measured. These results
showed that Byr4 fusion proteins interacted with Cdc16 or
Spg1 fusion proteins to increase β-galactosidase activity at
least 60-fold (Table 1). An interaction between Spg1 and
Cdc16 was not detected in this system (Table 1). Similar
two-hybrid interactions between Byr4, Cdc16, and Spg1
have been found by others [8]. 
To allow in vitro studies, Escherichia coli expression
systems for Byr4, Cdc16, and Spg1 were developed. Byr4
was expressed with an amino-terminal six-histidine tag
and purified to yield full-length Byr4 and several degrada-
tion products (Figure 2a, lane 1). Purified glutathione-S-
transferase (GST)–Spg1 contained a single major protein
of 45 kDa, which was the expected size (Figure 2a,
lane 3). Purified GST–Cdc16 yielded two major proteins
of apparent molecular masses 65 kDa and 58 kDa
(Figure 2a, lanes 4). The 58 kDa protein contained GST
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Figure 1
Genetic interactions between byr4, cdc16, and spg1. (a) Strains
containing the indicated combinations of an inducible byr4
overexpression cassette (byr4-OE) or a cdc16 temperature-sensitive
allele (cdc16-116) were streaked onto plates at 35°C, the restrictive
temperature for cdc16-116, either with thiamine to repress Byr4
overexpression or without thiamine to allow Byr4 overexpression.
Photographs of the plates were taken after 4 days growth. (b) Strains
containing the indicated combinations of byr4-OE and pSpg1/REP41,
a plasmid that overexpressed Spg1 (spg1-OE), were streaked onto
plates without thiamine to induce protein expression and
photographed after 4 days growth.
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epitopes and was identified as GST–Cdc16 (data not
shown). The 65 kDa protein was identified as GroEL, an
E. coli chaperonin, based on an amino-terminal peptide
sequence of AAKDVKFGND (in single-letter amino-acid
code) [10]. Extensive washing of the GST–Cdc16 beads
with 0.5 M NaCl, 1 mM ATP, and either 1% NP-40 or a
mixture of detergents (1% NP-40, 0.5% deoxycholate, and
0.1% sodium dodecyl sulfate) did not remove GroEL (data
not shown). In contrast, purification of GST–Cdc16 fol-
lowing lysis in buffer with 0.25% N-laurylsarcosine greatly
reduced copurification of GroEL and GST–Cdc16
(Figure 2a, lane 5).
To determine if the Byr4–Spg1 and Byr4–Cdc16 interac-
tions found in the two-hybrid system resulted from direct
binding, binding reactions were conducted using purified
Byr4 and glutathione beads containing either GST,
GST–Cdc16, GST–Spg1, or GST–Ras1. Western analysis
of the bound material showed that GST–Cdc16 bound
full-length Byr4, and that GST–Spg1 bound full-length
Byr4 and Byr4 degradation products larger than 60 kDa
(Figure 2b). GST and GST–Ras1 did not bind Byr4
(Figure 2b and data not shown). Cdc16 preparations with
or without GroEL bound Byr4 with very similar affinity
(data not shown). As GTPases change conformation in
response to the bound nucleotide, the effect of the
nucleotide on Spg1 binding to Byr4 was determined. This
analysis showed that Spg1 that was bound to either GDP
or the slowly hydrolyzed GTP analog GMPPNP could
bind both full-length Byr4 and degradation products that
were mainly larger than 60 kDa, whereas nucleotide-free
Spg1 bound full-length Byr4 primarily (Figure 2c). Analy-
sis of binding reactions with different levels of Byr4
showed that Byr4 bound with equal affinity to Spg1–GDP
and Spg1–GMPPNP (data not shown). These in vitro
binding studies are consistent with the two-hybrid results
and show that Byr4 binds directly to Cdc16 and Spg1.
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Table 1
Two-hybrid interactions.
DNA-binding Activation β-galactosidase
domain fusion domain fusion activity*
Snf1 Byr4 2
Byr4 Snf4 5
Snf1 Cdc16 2
Cdc16 Snf4 10
Spg1 Snf4 3
Byr4 Cdc16 622
Cdc16 Byr4 678
Spg1 Cdc16 3
Spg1 Byr4 394
*Units represent nmoles o-nitrophenyl-β-D-galactopyranoside
hydrolyzed per min per mg protein. The transcription modulators Snf1
and Snf4 were used as negative controls.
Figure 2
Analysis of binding between Spg1, Cdc16,
and Byr4 in vitro. (a) An SDS–polyacrylamide
gel of purified proteins including Byr4
(lane 1), GST (lane 2), GST–Spg1 (lane 3),
GST–Cdc16 (lane 4), GST–Cdc16 purified
following N-laurylsarcosine lysis (lane 5), and
HA–Cdc16 (lane 6). Lanes 1–5 were stained
with Coomassie blue and lane 6 was silver
stained. The positions of full-length proteins
are shown beside the gel. (b) Byr4 was
incubated with beads containing GST,
GST–Spg1, or GST–Cdc16 and the bound
protein was analyzed by western blotting with
anti-Byr4 antibodies. In the input lane, 10% of
the Byr4 used for incubations is shown.
(c) Byr4 was incubated with beads
containing GST, GST–Spg1 with no
nucleotide bound (NN), GST–Spg1–GDP, or
GST–Spg–GMPPNP and the bound protein
was analyzed as in (b). (d) Precipitations
using either Ni–agarose (lanes 1–2), or anti-
HA beads (lanes 3–4), from wild-type (wt) or
spg1-HAH cells were analyzed by western
blotting with either anti-Byr4 or anti-HA
antibodies. (e) Immunoprecipitations using
anti-Myc beads from wild-type or cdc16-myc
cells were analyzed by western blotting with
either anti-Byr4 or anti-Myc antibodies.
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To determine if the in vitro and two-hybrid interactions
between Byr4 and either Spg1 or Cdc16 were physiologi-
cally relevant, association of these proteins was tested in
vivo. To facilitate this analysis, strains were constructed in
which DNA encoding two copies of the hemagglutinin
(HA) epitope and six histidines was fused to the 3′ end of
the spg1 gene to create spg1–HAH, and DNA encoding
nine copies of the Myc epitope was fused to the 5′ end of
the cdc16 gene to create cdc16-myc. Strains with either
allele grew indistinguishably from wild-type strains (data
not shown). Western analysis with anti-Byr4 antibodies
revealed that Byr4 was precipitated when Spg1–HAH was
isolated with either anti-HA agarose or Ni–agarose
(Figure 2d) and when Cdc16–Myc was isolated with anti-
Myc agarose (Figure 2e). Byr4 was not precipitated when
strains without the epitope-tagged alleles were used
(Figure 2d,e). These coprecipitation results are consistent
with the two-hybrid and in vitro binding studies and show
that Byr4 binds Cdc16 and Spg1 in vivo. 
The binding of Byr4 to Spg1 inhibits GTP dissociation and
hydrolysis
The binding of Byr4 to Spg1 led us to test whether Byr4
affected Spg1 GTPase properties. We began by character-
izing the GTPase properties of Spg1. To eliminate any
possible effect of the GST moiety on the Spg1 GTPase
properties, GST–Spg1 was cleaved to yield Spg1. Rates for
GDP dissociation, GTP dissociation, and GTP hydrolysis
were determined using different radiolabeled nucleotides
and a filter-binding assay. Using Spg1–[3H]GDP and
Spg1–[γ-35S]GTP, the GDP and GTP dissociation rates for
Spg1 were measured as 0.7 min–1 and 0.07 min–1, respec-
tively (Figure 3a). Using Spg1–[γ-32P]GTP, an apparent
first-order rate constant of 0.3 min–1 was found (Figure 3a).
As the radiolabel on Spg1–[γ-32P]GTP was lost by both
GTP hydrolysis and GTP dissociation and as the GTP dis-
sociation rate was independently measured, a GTP hydrol-
ysis rate of 0.2 min–1 was calculated. As an independent
test of the accuracy of these rate constants, the loss of
radioactivity from Spg1–[α-32P]GTP was determined
because this radiolabel is lost by a combination of GTP dis-
sociation and GTP hydrolysis followed by GDP dissocia-
tion. This measured rate agreed well with the values
predicted from the individual rate constants (Figure 3a).
The rate constants for Spg1 GTP dissociation, GTP
hydrolysis, and GDP dissociation are similar to those for
the Rac1 GTPase [11]. 
The effect of Byr4 on the rate of GDP dissociation, GTP
dissociation, and GTP hydrolysis by Spg1 was determined
using similar methods. This analysis showed a GDP disso-
ciation rate of 0.8 min–1, a GTP dissociation rate of
0.007 min–1, and a GTP hydrolysis rate of 0.03 min–1 in
the presence of 15 mM Byr4 (Figure 3b). Comparison of
these rate constants with those measured in the absence
of Byr4 showed that 15 nM Byr4 decreased the GTP 
dissociation rate and GTP hydrolysis rate approximately
10-fold, but had no significant effect on the GDP dissocia-
tion rate. Byr4 inhibited GTP dissociation and hydrolysis
in a dose-dependent manner that was in reasonable agree-
ment with a model in which the Byr4–Spg1–GTP
complex had negligible GTP dissociation and hydrolysis
rates (Figure 3c). Using this data, the calculated equilib-
rium binding constant for the Byr4–Spg1–GTP complex
was 5 nM. Similar equilibrium binding constants were
found for other GTPase protein interactions, including
values of 4–50 nM for Ras–Raf-1 [12–16] and 0.3–4 nM
for Ran–importin β [17,18]. The effect of Byr4 in inhibit-
ing Spg1 GTP hydrolysis and dissociation but not GDP
dissociation was unexpected because Byr4 bound both
Spg1–GTP and Spg1–GDP. Apparently, Byr4 binding
affected Spg1 residues important for GTP hydrolysis and
GTP binding. Furthermore, although genetic analysis
showed that Byr4 was a negative regulator of septation,
Byr4 binding to Spg1 stabilized Spg1–GTP, the form of
Spg1 likely to be active [2].
Byr4 and Cdc16 have Spg1GAP activity
To reconcile the effect of Byr4 on stabilization of
Spg1–GTP in vitro and the possible role of Byr4 as a neg-
ative regulator of Spg1 in vivo, we looked for additional
activities for Byr4. As Cdc16 shares conserved sequence
motifs with Gyp6, Gyp7, and Gyp1 [2,7], which function
as GAPs for the Ypt6, Ypt7, and Sec4 GTPases, respec-
tively [19–21], we tested whether Cdc16 was a GAP for
Spg1 and whether Byr4 affected GAP activity. Addition
of GST–Cdc16 to Spg1–[γ-32P]GTP did not affect the
bound nucleotide (Figure 3d). In contrast, when these
reactions were performed with GST–Cdc16 in combina-
tion with Byr4, a dramatic decrease in Spg1–[γ-32P]GTP
was observed (Figure 3d). To test whether the decrease
in Spg1–[γ-32P]GTP resulted from hydrolysis or dissocia-
tion of the bound nucleotide, reactions were performed
using Spg1–[γ-35S]GTP. GST–Cdc16, with or without
Byr4, did not stimulate [γ-35S]GTP release from Spg1
(Figure 3e), suggesting that Byr4 plus Cdc16 stimulated
GTP hydrolysis by Spg1. By comparing the decrease of
Spg1–[γ-32P]GTP with and without Byr4, we conclude
that GST–Cdc16 is at least 250-fold more effective as a
Spg1 GAP in the presence of Byr4 than without Byr4.
The Cdc16 used in these assays contained GroEL.
GST–Cdc16 purified following lysis with N-laurylsarco-
sine, which contained much less GroEL, was 500-fold
less active than GST–Cdc16 with GroEL, although the
GAP activity still depended on Byr4 (data not shown). To
determine if GroEL was required for Spg1GAP activity,
Cdc16 with an amino-terminal HA epitope was expressed
as a GST fusion protein (GST–HA–Cdc16), purified
using glutathione agarose, cleaved with thrombin to
release HA–Cdc16, and fractionated by gel filtration chro-
matography. The majority of HA–Cdc16 was well-sepa-
rated from GroEL (Figure 2a, lane 6) and eluted at a size
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consistent with a monomer. This pool of HA–Cdc16
without GroEL had the same Spg1GAP activity as the
pool of HA–Cdc16 with GroEL that was not fractionated
by gel filtration chromatography (data not shown).
Approximately 15% of HA–Cdc16 cofractionated with
GroEL. This pool of HA–Cdc16 contained little
Spg1GAP activity (data not shown). Hence, Byr4 and
Cdc16 together act as a potent Spg1GAP and this bio-
chemical activity could explain their role in the negative
regulation of septation.
Byr4 and Cdc16 do not interact with Ypt GTPases
As Cdc16 has sequence similarity to proteins with
YptGAP activity and as Spg1 is most similar to Ypt family
GTPases, the interaction of Byr4 and Cdc16 with Ypt
family GTPases was tested. Seven members of the Ypt
family are known in S. pombe and these are likely to repre-
sent all the members of this subfamily of the Ras super-
family (reviewed in [22,23]). Each of these GTPases was
expressed in E. coli and tested for interaction with Byr4
and Cdc16 in two ways. First, GTPases were labeled with
[γ-32P]GTP and binding reactions were performed with
beads containing either GST or GST–Byr4-D8, a frag-
ment of Byr4 that binds Spg1. This analysis revealed that
GST–Byr4-D8 only bound Spg1 (Table 2). Second,
GTPases were labeled with [γ-32P]GTP and release of
the radiolabel bound to the GTPase was measured with
or without Byr4 and Cdc16. Whereas Byr4 and Cdc16 had
the expected effects on Spg1, neither Byr4 nor Cdc16 had
a measurable effect on the seven other GTPases tested
(Table 2). Hence, Byr4 and Cdc16 were very specific reg-
ulators for the Spg1 GTPase in vitro.
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The effect of Byr4 and Cdc16 on the enzymatic properties of the Spg1
GTPase. (a) Spg1–[γ-35S]GTP, Spg1–[3H]GDP, Spg1–[γ-32P]GTP,
or Spg1–[α-32P]GTP were incubated at 30°C and the amount of
filter-bound radioactivity was measured at the indicated times. The
results are expressed as a percentage of the initial amount of
radioactivity. Lines derived from linear regression, assuming a first-
order reaction, are shown for Spg1–[γ-35S]GTP, Spg1–[3H]GDP, and
Spg1–[γ-32P]GTP. The rate constants derived from these values were
used to predict the behavior of Spg1–[α-32P]GTP (dotted line) as
described in the Materials and methods. Bars represent the standard
error. (b) Experiments were performed as in (a) except that 15 nM Byr4
was included in the reactions. (c) Spg1–[γ-32P]GTP plus the indicated
amounts of Byr4 were incubated at 30°C for 5 min and the
percentage of radiolabeled protein was determined. The data were
fitted to a model in which GTP hydrolysis and dissociation of the
Byr4–Spg1–GTP complex were assumed to be negligible (dotted
curve). (d) Spg1–[γ-32P]GTP was incubated with the indicated
amounts of GST–Cdc16 and with or without 15 nM Byr4 at 30°C
for 5 min and filter-bound radioactivity was determined.
(e) Spg1–[γ-35S]GTP or Spg1–[γ-32P]GTP were incubated with
15 nM Byr4, 80 nM GST, and 80 nM GST–Cdc16, as indicated, at
30°C for 5 min, and filter-bound radioactivity was determined.
Discussion
Our results show that Byr4 and Cdc16 interact with the
Spg1 GTPase both in vivo and in vitro and that Byr4 and
Cdc16 have GAP activity for Spg1 in vitro. The Spg1GAP
activity of Byr4 and Cdc16 could explain how they nega-
tively regulate septation as Spg1GAP activity should pre-
sumably decrease the fraction of Spg1 in the GTP-bound,
active state. The Byr4–Cdc16 GAP is unusual in two
respects. First, Spg1 and Ypt family GTPases are in dis-
tinct subfamilies of the Ras superfamily [2] and GAPs for
different Ras subfamilies do not share detectable primary
sequence similarity [24]. It was therefore unexpected that
Cdc16, a protein with similarity to Ypt GAPs, had GAP
activity towards the Spg1 GTPase. Second, this is the first
example of an obligate two-component GAP for a Ras-
family GTPase. 
Our results also show that Byr4 binds to Spg1 and that this
binding inhibits GTP hydrolysis and GTP dissociation; it
was unexpected that Byr4 appeared to stabilize the GTP-
bound, active form of Spg1. This apparent contradiction
with the effect of Byr4 on septation might be explained if
Byr4 and Cdc7 bound mutually exclusively to Spg1. In
this case, Byr4 could negatively regulate septation by
interfering with Cdc7 binding to Spg1. Consistent with
this hypothesis, Byr4 and Cdc7 share a small region of
sequence similarity [5].
The interactions between Spg1 and Byr4 bear similarities
and differences to the interactions between the Ran
GTPase and Ran-binding protein 1 (RanBP1). Like Byr4
and Spg1, RanBP1 binds to Ran–GTP and stimulates
RanGAP1 activity, although this effect is only 10-fold
[25–27]. Unlike Byr4 and Spg1, RanBP1 does not bind
stably to Ran–GDP [25–27] unless importin β is present
[28] and RanBP1 stimulates Ran–GDP dissociation [26].
Proteins similar to Byr4, Cdc16, and Spg1 may control the
timing of cytokinesis in mammals because many cell cycle
regulatory proteins are evolutionarily conserved. Similar
GTPase regulatory mechanisms may be involved in other
processes because byr4 mutants have defects in karyokine-
sis [5] and because mutations in cdc16 [29] and BUB2 [30],
the S. cerevisiae homologue of cdc16, disrupt the spindle-
assembly checkpoint. Interactions analogous to those
between Byr4, Cdc16, and Spg1 may also occur in vesicu-
lar transport because Cdc16 is similar to proteins with
YptGAP activity [2,7,21]. 
Materials and methods
Plasmid construction
Plasmids pbyr4/REP41, pbyr4/ET14b, pSE1111 (SNF4/pACT), and
pSE1112 (SNF1/pAS) were previously described [5,31]. Plasmid
pbyr4/REP41 was digested with NdeI and EcoRI to yield a byr4 frag-
ment that was ligated into an NdeI and SmaI digested pAS2 plasmid
[31], yielding the vector pbyr4/AS2. Plasmid pbyr4/ACT was con-
structed by ligating a SpeI–SalI fragment that encoded all but the
amino-terminal 29 amino acids of byr4 into pACT [32]. The attenuated
promoter in pbyr4/REP41 was replaced with the wild-type nmt1 pro-
moter from pREP1 [9] by exchanging NdeI–PstI fragments. The
SacI–PstI fragment from pbyr4/REP1 that contained the nmt1 pro-
moter driving the expression of byr4 was ligated into pJK210 [33] to
create pbyr4/JK210. A BglII–BamHI fragment that encoded residues
between position 431 and the carboxyl terminus was ligated into
pGEX-KG to create pbyr4-D8/GEX.
The cdc16 cDNA was amplified by PCR, using a 5′ oligonucleotide that
contained a SalI site and a 3′ oligonucleotide that contained a BamHI
site, and was ligated into pREP41 that was similarly digested yielding
pcdc16/REP41. A BamHI–NdeI partial digest of pcdc16/REP41
yielded a cdc16 fragment that was ligated into pAS2 that was similarly
digested to create pcdc16/AS2. The cdc16 cDNA was amplified by
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Table 2
Interaction of Byr4 and Cdc16 with Ypt GTPases.
GTPase Bound fraction (%)* kb + kt (min–1)†
GST GST–Byr4-D8 None Cdc16 Cdc16 + Byr4 Byr4
Spg1 0.7 43 0.2 0.2 >2 0.01
Ypt1 0.2 0.1 0.003 0.003 0.004 0.004
Ypt2 1.0 1.1 0.07 0.09 0.09 0.09
Ypt3 0.3 0.3 0.03 0.03 0.03 0.02
Ypt4 0.3 0.3 0.09 0.07 0.07 0.09
Ypt5 0.2 0.2 0.04 0.04 0.05 0.04
Ypt6/Rhy1 0.5 0.6 0.02 0.01 0.01 0.01
Ypt7 0.4 0.4 0.01 0.01 0.02 0.01
*The fraction of each GTPase–[γ-32P]GTP protein retained on
glutathione beads containing either GST or GST–Byr4-D8. Values are
the average of at least two replicates in which each reaction contained
between 30,000 and 200,000 cpm of GTPase–[γ-32P]GTP. †The
combined GTP dissociation rate and hydrolysis rate for each GTPase
based on the decrease in filter-bound GTPase–[γ-32P]GTP without any
added protein (none), or in the presence of 100 nM Cdc16, 50 nM
Byr4, or both Cdc16 and Byr4.
PCR, using a 5′ oligonucleotide that contained a BamHI site and a 3′
oligonucleotide that contained a XhoI site, and ligated into pACT that
was similarly digested yielding pcdc16/ACT. A cdc16 fragment was iso-
lated from pcdc16/ACT using BglII and ligated into pGEX-3X (Pharma-
cia Biotech) that was digested with BamHI yielding pcdc16/GEX. A
fragment that encoded three copies of the HA epitope was amplified by
PCR using a 5′ oligonucleotide that contained an NcoI site and a 3′
oligonucleotide that contained a SalI site. This fragment and a cdc16
fragment isolated by a SalI and SacI digest of pcdc16/REP41 were
ligated with a NcoI–SacI digested pGEX-KG to produce
GST–HA–Cdc16. A SpeI fragment that encoded nine  copies of the
Myc epitope was ligated into the SpeI site of pJK210; 1.2 kb of 5′
untranslated region was inserted on the 5′ side of the Myc epitopes and
a fragment containing the first exon of cdc16 was inserted on the 3′
side of the Myc epitopes to create pcdc16-myc/JK210.
A BamHI fragment containing the Spg1 cDNA was ligated into
pGEX-KG, pREP41, and pAS2 to make vectors for E. coli expression,
S. pombe expression, and two-hybrid analysis, respectively.
GST–Spg1 was used to immunize rabbits for the production of anti-
Spg1 antibodies. Plasmid pspg1-HAH/JK210 was created by isolating
a carboxy-terminal fragment of spg1 beginning at amino acid 130 by
PCR using a 5′ oligonucleotide that contained a XhoI site and a 3′
oligonucleotide that contained a BamHI site. This fragment and a
BamHI–SacI fragment that encoded two copies of the HA epitope and
six histidines followed by the nmt1 terminator were ligated into pJK210
digested with XhoI and SacI.
The cDNA fragments for ypt1–6 were ligated into pET14b (Novagen),
pQE (Qiagen), pGEX-3X (Pharmacia Biotech), pRSET-B (Invitrogen),
pQE, pET14b, and pRSET-A, respectively, to direct their expression
in E. coli. 
Yeast methods
To create an S. pombe strain with an inducible byr4 gene,
pbyr4/JK210 was linearized with BamHI, transformed into KGY247 [5]
to direct the integration of the plasmid to the byr4 locus, and stable
transformants were isolated yielding KFY18 (h+ leu1-32 ade6-210
ura4-d18 byr4::pbyr4/JK210). KFY20 (h+ leu1-32 ade6-210 ura4-d18
byr4::pbyr4/JK210 cdc16-116) was isolated from a cross between
CAY117 [5] and KFY18. To construct KFY23 (h+ leu1-32 ade6-210
ura4-d18 spg1::pspg1-HAH/JK210), pspg1-HAH/JK210 was lin-
earized with HindIII and transformed into KGY247 [5]. Stable uracil
prototrophs were isolated and correct integration was verified by
western and Southern blotting. To construct KFY26 (h– leu1-32 ade6-
210 ura4-d18 cdc16::pcdc16-myc), pcdc16-myc/JK210 was lin-
earized with NdeI and transformed into KGY246 [5]. Stable uracil
prototrophs were isolated and correct integration was verified by
western and Southern blotting. For two-hybrid analysis, plasmids were
transformed into S. cerevisiae strain Y190 [31] and β-galactosidase
activity was assayed [34]. 
Protein expression and purification
E. coli containing expression plasmids for GST, GST–Spg1,
GST–Cdc16, and GST–HA–Cdc16 were induced, lysed in GST lysis
buffer (50 mM Tris-HCl pH 7.5, 50 mM NaCl, 5 mM MgCl2, 1 mM
DTT), and purified using glutathione agarose [35]. To reduce GroEL
associated with GST–Cdc16, E. coli were lysed in 10 mM Tris-HCl
pH 8, 150 mM NaCl, 1 mM EDTA, 0.25% N-laurylsarcosine, followed
by 2% Triton X-100, and affinity chromatography [36]. GST fusion pro-
teins bound to glutathione beads could be stored at 4°C for up to
10 days. For GTPase assays, GST–Cdc16 was eluted with glutathione
and GST–Spg1 and GST–HA–Cdc16 were cleaved with thrombin
(New England Biolabs) overnight at 4°C. GST–Cdc16 and Spg1 were
then dialyzed against GST lysis buffer containing 50% glycerol and
stored at –20°C. For gel filtration, HA–Cdc16 was fractionated on a
Superose 6 HR 10/30 column (Pharmacia Biotech) with a column
buffer of 50 mM Tris-HCl pH 7.5, 100 mM NaCl. To purify Byr4, E. coli
containing pbyr4/ET14b were induced, lysed in HB buffer [5] plus
125 mM NaCl, 10% glycerol, 1% Triton X-100, 2 mM imidazole, puri-
fied with Ni–agarose (Qiagen), dialyzed against GST lysis buffer con-
taining 10% glycerol, and stored at –80°C. E. coli containing
expression plasmids for Ypt GTPases were induced, lysed in GST lysis
buffer, and purified using glutathione agarose for Ypt3 and Ni–agarose
for the other Ypt GTPases. GST–Ypt3 was cleaved with Factor X and
purified Ypt3 was stored on ice. The His-tagged GTPases were dia-
lyzed against GST lysis buffer and stored on ice. Protein concentration
was estimated by comparison of the Coomassie staining of the full-
length proteins to a BSA standard.
Binding assays
Glutathione beads with immobilized GST, GST–Spg1, or GST–Cdc16
were washed twice with cold incubation buffer (IB; 50 mM Tris-HCl
pH 7.5, 100 mM NaCl, 5 mM MgCl2), resuspended in IB plus 1 mM
DTT, 2% nonfat dry milk, 1 mM pefabloc (Boehringer Mannheim),
20 µg/ml leupeptin, 40 µg/ml aprotinin, 1 µg/ml pepstatin A, and incu-
bated with 15 nM Byr4 for 1 h at 4°C. The beads were then washed
three times with IB plus 0.1% Triton X-100 and analyzed by western
blotting with anti-Byr4 antibodies [5]. Glutathione beads with immobi-
lized GST or GST–Byr4-D8 were incubated with Ypt–[γ-32P]GTP for
30 min on ice in GST lysis buffer with 1 mg/ml BSA. Beads were
washed twice with GST lysis buffer, collected on nitrocellulose filters,
washed twice with 1 ml of buffer, and filter-bound radioactivity was
determined by scintillation counting.
Coprecipitation assays
For Byr4–Spg1 associations, soluble protein extracts were prepared
as described [3] except the MgCl2 and imidazole concentrations were
adjusted to 10 and 27 mM, respectively, after centrifugation. For
Byr4–Cdc16 immunoprecipitations, soluble protein extracts were pre-
pared as described [5]. Ni–agarose beads, anti-HA beads, or anti-Myc
beads were added to 2 mg protein extracts, incubated for 1 h at 4°C,
washed three times with lysis buffer, and analyzed by western blotting
with either anti-Byr4, anti-HA, or anti-Myc antibodies.
GTPase assays
Spg1 (1.5 µg) was incubated in 0.1 ml exchange buffer (50 mM Tris-
HCl pH 7.5, 50 mM NaCl, 5 mM EDTA, 1 mg/ml BSA) containing
10 µCi [3H]GDP, [γ-35S]GTP, [γ-32P]GTP, or [α-32P]GTP for 10 min
at 25°C. The exchange reaction was stopped by adding MgCl2 to 15
mM, placed on ice for 10 min, and 0.1 mM GDP or GTP were added.
Then 10 µl labeled Spg1 was added to 20 µl cold assay buffer
(50 mM Tris-HCl pH 7.5, 100 mM NaCl, 10 mM MgCl2) that con-
tained Byr4, GST–Cdc16, or only buffer. This mixture was incubated
on ice for 5 min, shifted to 30°C for the indicated times, and diluted
into 0.15 ml cold assay buffer. Samples were then filtered through
pre-wetted nitrocellulose filters, washed four times with 1 ml cold
assay buffer, air dried, and filter-bound nucleotide was determined by
scintillation counting.
The GDP dissociation rate, kd, and GTP dissociation rate, kt, were
determined using Spg1–[3H]GDP and Spg1–[γ-35S]GTP, respectively,
by linear regression of data fit to a first-order reaction mechanism. The
GTP hydrolysis rate, kh, was determined using Spg1–[γ-32P]GTP
because the observed rate constant was the sum of kt and kh. The
decrease in filter-bound radioactivity for Spg1–[α-32P]GTP is
described by the differential equations: 
d/dt(Spg1–[α-32P]GTP) = –(kh+kt) (Spg1–[α-32P]GTP)      (1)
d/dt(Spg1–[α-32P]GDP) = kh (Spg1–[α-32P]GTP) –
kd (Spg1–[α-32P]GDP) (2)
which were solved to yield the following expression for the filter-bound
radioactivity as a function of time (t):
(Spg1–[α-32P]GTP + Spg1–[α-32P]GDP)/(Spg1–[α-32P]GTP)t=0
= ((kd–kt)/(kd–kh–kt)) exp(–(kh+kt)t) – (kh/ (kd–kh–kt)) exp (–kdt)     (3)
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The data for GTP hydrolysis and dissociation of Spg1–[γ-32P]GTP with
Byr4 were fit to a model where the GTP hydrolysis and dissociation
rates from the Byr4–Spg1–[γ-32P]GTP complex were assumed to be
negligible. In this case, the observed dissociation rate, ko, is expressed
in terms of the Byr4–Spg1–GTP binding constant, Kb, as:
ko = (kt+kh)/(1 + (Byr4/Kb)) (4)
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